Abstract: Tomato plants were cultivated in greenhouse and water solutions of arsenite (As(III)), arsenate (As(V)), methylarsonic acid (MA) and dimethylarsinic acid (DMA) were applied individually into cultivation substrate at two As levels, 5 and 15 mg kg −1 of the substrate. Comparing the availability of arsenic compounds increased in order arsenite = arsenate < MA < DMA where the arsenic contents in plants decreased during vegetation period. Within a single plant, the highest arsenic concentration was found in roots followed in decreasing order by leaves, stems, and fruits regardless of arsenic compound applied. Arsenic toxicity symptoms reflected in suppressed growth of plants and a lower number and size of fruits were most significant with DMA treatment. However, the highest accumulation of arsenic by plants growing in the soil containing DMA was caused by higher mobility of this compound in the soil due to its lower sorption affinity. Our results confirmed substantial role of transformation processes of arsenic compounds in soil in uptake and accumulation of arsenic by plants.
Introduction
The occurrence of different arsenic compounds in soilplant system can significantly affect the availability as well as the toxicity of arsenic for agricultural plants. The mobile portions of arsenic in soils are relatively low compared e.g. to cadmium and zinc. Mobility of arsenic compounds in soils depends on soil sorption capacity given by oxides and hydrooxides of Fe, Mn, Al, humic substances and clay minerals, on pH and the redox potential (Bissen & Frimmel, 2003) . While inorganic arsenic compounds are most abundant in soil (Bowell et al., 1994; Bissen & Frimmel, 2000 Száková et al., 2005a) , both inorganic and organic (methylated) arsenic compounds were isolated from different parts of higher plants (Dembitsky & Řezanka, 2003) . Transformation and translocation of arsenic compounds in plant tissues is strongly dependent on plant species (Sheppard, 1992) .
Arsenite (As(III)), arsenate (As(V)), methylarsonic acid (MA), dimethylarsinic acid (DMA), trimethylarsine oxide, the tetramethylarsonium ion, and one type of arsenoriboses were identified in 12 plant species growing on arsenic contaminated soil (Kuehnelt et al., 2000) . The differences in distribution of arsenic compounds within the radish plant (Raphanus sativus L.) growing in soil containing 91% of mobile arsenic as arsenate were investigated by Tlustoš et al. (2002) . As(III) was the dominant compound (63%) followed by As(V) and DMA (20 and 17%, respectively) in radish roots while in leaves most of the arsenic forms present were arsenate (42%), arsenite (40%). DMA was also detected (18%) indicating the role of biomethylation processes within the plant. Similar distribution of arsenic compounds was found at higher concentration level with arsenite and arsenate treatments. At DMA treatment, this compound was accumulated in both roots and leaves of radish and its concentration exceeded significantly the sum of remaining arsenic compounds (arsenite, arsenate and MA). In vitro experiments with Agrostis tenuis Sibth. suggested that in the plant cultivation medium, arsenate was taken up by the roots and converted into arsenite before methylation proceeded in the leaves (Wu et al., 2002) .
The different ability of plant species to take up and to transform various arsenic compounds can lead to tolerance or sensitivity of plant species to elevated concentration of arsenic in soil (Schmidt et al., 2001 ). In the case of arsenic hyperaccumulating plants like ladder brake (Pteris vittata L.) even beneficial effect of elevated arsenic concentration in soil (up to 100 mg kg −1 ) on plant growth was observed regardless of arsenic compound applied into the soil (Tu & Ma, 2002) . On the contrary, bean plants (Phaseolus vulgaris L., Carbonell-Barrachina et al., 1997; Lario et al., 2002) , and radish (Raphanus sativus L., Tlustoš et al., 1998) demonstrated high sensitivity to arsenic in both soil-less culture and soil pot experiment. Comparison of arsenic accumulation in plant species grown in soil mixed with mine wastes showed that lettuce (Lactuca sativa L.) leaves and radish (Raphanus sativus L.) roots accumulated significantly more arsenic than bean and tomato fruits (Cobb et al., 2000) .
In our experiment, the response of tomato fruits, leaves, stems, and roots to different arsenic compounds [As(III), As(V), DMA, and MA] in the soil, and distribution of arsenic in the individual experimental plants were investigated to find out the effect of individual arsenic compounds in the soil on arsenic uptake by tomato plants. (ZBÍRAL, 2000) . Water solutions of sodium arsenite NaAsO2, sodium arsenate Na2HAsO4 · 7H2O, methylarsonic acid CH3AsO(OH)2, or dimethylarsinic acid (CH3)2AsO-(OH) were applied into the substrate at two concentration levels: 5 mg kg −1 As (Level A) and 15 mg kg −1 As (level B). Control untreated pots were also included. The plants were watered by deionized water and soil moisture was kept at 60% of maximal water holding capacity.
Material and methods

Tomato
Samplings of the experimental plants were designed as follows: Fruits were continually sampled in full maturity during vegetation period and subsequently separated into five groups (Sampling group 1-5) according to fruit position on the tomato stem from the plant base to the top of the plant. Therefore the groups of fruit samples reflected approximately the changes in arsenic uptake by plants during vegetation period. Roots, stems, and leaves of plants were sampled twice during vegetation: Sampling 1, two months after we started the pot experiments, and Sampling 2 at the end of vegetation period. Lower and upper parts of tomato stems and leaves (half and half) were separated.
Fruits, stems, leaves and roots of the experimental plants were dried at 60
• C to constant mass and then separately ground to a fine powder. The plant samples were decomposed by dry ashing procedure as follows: An aliquot (∼1 g) of the dried and powdered fruits, leaves or roots were weighed into a borosilicate glass test-tube and decomposed in a mixture of oxidizing gases (O2+O3+NOx) at 400
• C for 10 hours in Dry Mode Mineralizer Apion (Tessek, Czech Republic). The ash was dissolved in 20 mL of 1.5% HNO3 (electronic grade purity, Analytika Ltd., Czech Republic) and kept in glass tubes until measurement (MIHOLOVÁ et al., 1993) . Aliquots of the certified reference material RM 12-02-03 Lucerne (pb-anal, Slovakia) were mineralized under the same conditions for quality assurance of the total arsenic contents in experimental plants.
For determination of plant-available arsenic in soil, aliquots of the dried soil samples were extracted with 0.01 
mol L
−1 aqueous CaCl2 solution in ratio 1:10 (w/v) for 6 h (NOVOZAMSKY et al., 1993) . The total arsenic concentrations in the fruits, stems, roots and leaves of tomato decomposed by dry ashing procedure and in soil extracts were determined by hydride generation atomic absorption spectrometry (Varian SpectrAA-300, Australia, equipped with continuous hydride generator VGA-76). The plant yield and total arsenic concentrations in plants from individual pots were evaluated by ANOVA (Statgraphics 5.0plus) at the significance level α = 0.05.
Results and discussion
The arsenic supply into the substrate resulted in slightly suppressed yield of tomato fruits compared to control samples regardless of the applied arsenic compound (Fig. 1) . Inorganic compounds of arsenic caused lower yield of tomato fruits in the first part of vegetation (delayed fruit development) whereas limited occurrence of tomatoes growing on the top of plants (i.e. in the second part of vegetation period) with DMA and MA treatments was observed. The growth of vegetative parts of plants was not significantly affected. Arsenite reduced stem growth by 20% in the first part of vegetation period while arsenate and MA acted to a similar extent in the second part of vegetation. Concerning tomato roots, the amount of the biomass substantially dropped with both arsenate (20%) and DMA (40%) amendments. The suppressive effect of arsenic compounds on tomato growth in soil-less culture was found by Carbonell-Barrachina et al. (1995) . They observed damaged root membranes with arsenic concentration of 10 mg L −1 in the cultivation solution. Decreasing concentrations of P, K and Ca in the aboveground biomass as well as the reduction of root concentration of P, Ca and Na coupled with increasing root K and N content in the tomato fruits indicated possible physiological changes in plant cells (CarbonellBarrachina et al., 1998) . Symptoms of biochemical stress due to soil concentration of arsenate in the range 5-50 mg kg −1 were observed in red clover (Trifolium (Mascher et al., 2002) . Evidently, the arsenic concentrations applied in our experiment (5 and 15 mg kg −1 of substrate) can be responsible for changes in plant growth and physiological parameters explainable by the inhibitory effect of arsenates on phosphorus metabolism (Michalík 1987) .
In tomato plants the arsenic content differed in dependence of the arsenic compounds applied, arsenic rate, time of harvest, and plant organ analyzed (Tabs 1-4). Both organo-arsenicals were more readily allocated to the shoot biomass leading to significantly higher arsenic values compared inorganic ones in fruits, leaves and stems. Arsenic concentrations in tomato plants followed decreasing trend from plant base to the top of plant as well as from the beginning to the end of the vegetation period. In roots, decreased arsenic concentration at the end of vegetation is related to the dilution effect caused by increased root biomass. The preferable uptake of MA and especially DMA by tomato plants compared to arsenite and arsenate was confirmed by Burlo et al. (1999) in soilless culture conditions. Our results show increased As availability in order arsenite = arsenate < MA < DMA. The highest arsenic concen- n -not calculated because of low number of data trations were found in roots followed in decreasing order by leaves, stems and fruits regardless of arsenic compound applied. Application of inorganic arsenic compounds led to increasing arsenic concentration in leaves while the application of organic arsenic compounds resulted in higher arsenic accumulation in fruits. Because dominant portion of arsenic remains in tomato roots, the tomato plants can be characterized as plants avoiding the elevated arsenic concentrations in soil. On the contrary, bush beans demonstrated high sensitivity to arsenic amendment because of facilitated transport and accumulation of this element into the shoot, especially the leaves (Carbonell-Barrachina et al., 1997) . Quaghebeur & Rengel (2004) described translocation pathways of arsenic from roots to shoots in Arabidopsis thaliana in pot experiment. Differences in the speciation of arsenic within a plant species was influenced by the total arsenic concentration in the plant and/or the nutrient status. Especially, the concentration of phosphorus influenced the uptake and transformation of individual arsenic species (Vela et al., 2001; Quaghebeur & Rengel, 2003) . In short-term experiment with roots of rice seedlings Abedin et al. (2002) observed lower uptake of MA and especially DMA compared to inorganic arsenic compounds. However, the pathways and transformations of arsenic compounds within the plants are not fully elucidated because of different arsenic compounds present in the individual plant species (Geiszinger et al., 2002) . The speciation of arsenic compounds within the plants of pepper (Capsicum annum L.) was recently investigated (Száková et al., 2005b) . In pepper fruits, As(III), As(V), and DMA were present (25, 37, and 39% of extractable arsenic). In stems+leaves and roots, As(V) was the major compound (63 and 53%) followed by As(III) representing 33 and 42%, and small amounts (not exceeding 5%) of DMA and MA were detected as well. The preferable accumulation of DMA in generative organs was confirmed in rice grain suggesting the ability of plants to methylate arsenic compounds (Abedin et al., 2002) . The role of MA in plant metabolism remains unclear because of low percentage of this compound in both soil and plants. For tomato plants similar pattern as in the case of pepper can be expected because the experimental conditions as well as cultivation substrate used were similar. The 0.01 mol L −1 CaCl 2 extractable arsenic concentrations represented only a small part of total arsenic content in soil (Tab. 5) and dominant part of the added arsenic compounds were either immobilized via sorption on different soil components or volatilized as methylated arsines. Adsorption and kinetic data suggested that type, density, and acidity of functional groups on organic polymers and suspension pH may substantially influence the adsorption of As(III) and As(V) on α -FeOOH (Grafe et al., 2001) . The behavior of methylated arsenic compounds in soil differed from inorganic ones where adsorption characteristics of DMA on iron oxide minerals (goethite and ferrihydrite) showed lower adsorption affinity as compared to As(V) and MA (Lafferty & Loeppert 2003) . The mobility of arsenic compounds in soils supplied with As(III), As(V), DMA and MA was investigated after cultivation of pepper (Capsicum annum L.) plants. Among the arsenic compounds determined by HPLC-ICPMS, arsenate was the dominant followed by small portions of arsenite, methylarsonic acid, and dimethylarsinic acid depending on the individual soil treatments (Száková et al., 2005a) . For both control and inorganic arsenic treatments, only small amount of As(III) occurred in the extracts while As(V) exceeded 90% of extractable arsenic in all cases. In the case of DMA treatment, in addition to inorganic arsenic compounds also DMA and MA were detected where DMA reached almost 9% of extractable arsenic for calcium chloride extracts. In the extracts of MA treated soil, DMA was under detection limit whereas MA varied between 2.1-8.7% of extractable arsenic. Because of similarity in design of this experiment, in composition of the cultivation substrate as well as the plant from the same family (Solanaceae) the speciation of mobile arsenic compounds might be comparable. Therefore, the differences among the arsenic uptake by plants treated by individual arsenic compounds are predominantly affected by different portion of plant-available arsenic in treated soil. However, without identification and quantification of individual arsenic compounds in plant parts and in mobile portion of arsenic in soil are the interpretations of the data limited and unambiguous explanation of the transformation processes of arsenic in tomato plants remains for further research.
